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Abstract: A detailed density functional study was performed for the vinyl—vinyl reductive elimination reaction
from bis-o-vinyl complexes [M(CH=CHy,),X,]. It was shown that the activity of these complexes decreases
in the following order: PdV, Pd" > PtV, Pt", Rh" > Ir'", Ru", Os'. The effects of different ligands X were
studied for both platinum and palladium complexes, which showed that activation barriers for C—C bond
formation reaction decrease in the following order: X = Cl > Br, NHsz > | > PHa. Steric effects induced
either by the ligands X or by substituents on the vinyl group were also examined. In addition, the major
factors responsible for stereoselectivity control on the final product formation stage and possible involvement
of asymmetric coupling pathways are reported. In all cases AE, AH, AG, and AGa.q energy surfaces were
calculated and analyzed. The solvent effect calculation shows that in a polar medium halogen complexes
may undergo a reductive elimination reaction almost as easily as compounds with phosphine ligands.

Introduction

Vinyl—vinyl coupling opens a conventional route to conju-
gated 1,3-dienes and is widely employed in many catalytic
coupling reaction$:-12 In particular, the palladium-catalyzed
Stille reactior®*® Suzuki-Miyaura coupling’, and other cross-
coupling schemé® have found numerous applications in
modern synthesis. Some of the methods became well-establishe
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the great potential of the field is still under continuous
development? 1! Another interesting example of the vinyl
vinyl coupling has recently been reported as a part of a platinum-
catalyzed stereo- and regioselective alkyne conversion reaction
into 1,3-diened? The reductive elimination step is usually

glssumed to be a key bond-forming and product-releasing stage

of the catalytic cycles.12

Although vinylvinyl coupling has found widespread practi-
cal applications, the mechanism of the process is not well
rationalized. Recently, we have investigated the potential energy
surface of catalytic conversion reaction of alkynes into 1,3-
dienes on a Pt center, which involves a €C reductive
elimination stage of two vinyl ligands. The study clearly
indicated that vinyt-vinyl reductive elimination has many
peculiarities compared to processes involving alkyl groups. In
certain cases, the latter reactions may be taken as a general
model for vinyl-vinyl coupling. However, to elucidate the
mechanism of metal-assisted—C bond formation between
unsaturated vinyl units, specific consideration of the bis-vinyl
system is required. Undoubtedly, deep understanding of the
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reaction mechanism is a prerequisite for rational design of better Scheme 1. Vinyl—Vinyl Coupling Reaction on Transition Metal

catalytic cycles, especially to fulfill modern requirements in
asymmetric synthesis.

Transition metalo-vinyl derivatives may be prepared in a
number of well-developed wa¥?s>1%20 and bise-vinyl com-
pounds are equally well knowt§.Not surprisingly, G-C bond
formation through vinytvinyl reductive elimination has been
used not only inside the catalytic cycles but also as a stoichio-
metric reaction starting from bis-vinyl complexes of PY 12
Rhlll ’17 |rIII ,18 Rull ,19,20 and O§.19

Numerous mechanistic studies orC reductive elimination
and reverse process, oxidative addition-Cbond activation)
have been published for dialkyl or mixed complexes of
platinum?21=27 palladium?428 rhodium?2® ruthenium?® and iri-
dium?26 Several theoretical investigations or-C bond activa-
tion by platinum?®-32 palladium?9:39.32.33 rhodium33-3¢ and
iridium3>37 have been also performed with various methods,
recently in many cases at DFfTor ONIOM (DFT:HF)

(15) (a) Anderson G. K. PlatinumCarbono-Bonded Complexesn Compre-
hensve Organometallic Chemistry ;llAbel, E. W., Stone, F. G. A,
Wilkinson, G., Eds.; Pergamon Press: Oxford, U.K., 1995, Vol. 9, pp431
531. (b) Canty, A. J. PalladiumCarbon o-Bonded Complexesin
Comprehensie Organometallic Chemistry ;llAbel, E. W., Stone, F. G.
A., Wilkinson, G., Eds.; Pergamon Press: Oxford, U.K., 1995, Vol. 9, pp
225-290. (c) Hackett, M.; Whitesides, G. M. Am. Chem. Sod 988
110 1449. (d) Sebald, A.; Wrackmeyer, B.Chem. Soc., Chem. Commun.
1983 309. (e) Kelley, E. A.; Maitlis, P. MJ. Chem. Soc., Dalton Trans.
1979 167. (f) Bell, R. A.; Chisholm, M. HJ. Chem. Soc., Chem. Commun.
1976 200. (g) Mann, B. E.; Bailey, P. M.; Maitlis, P. M. Am. Chem.
Soc.1974 97, 1275. (h) Chaudhury, N.; Kekre, M. G.; Puddephatt, R. J.
J. Organomet. Chenl974 73, C17. (i) Clark, H. C.; Dixon, K. R.; Jacobs,
W. J.J. Am. Chem. S0d.968 90, 2259.

(16) For example, see the preparation of [PtEEH,){ As(CH=CHCI)3},]:
Mann, F. G.; Pope, W. d. Chem. Socl922 121, 1754.

(17) Wang, Z. Q.; Turner, M. L.; Kunicki, A. R.; Maitlis, P. M. Organomet.
Chem.1995 488 C11.

(18) Chin, C. S.; Cho, H.; Won, G.; Oh, M.; Ok, K. MdrganometallicsL999
18, 4810.

(19) Bohanna, C.; Esteruelas, M. A.; Lahoz, F. J.; Onate, E.; Oro, L. A.; Sola,
E. Organometallics1995 14, 4825.

(20) Burn, M. J.; Fickes, M. G.; Hollander, F. J.; Bergman, RGBganome-
tallics 1995 14, 137.

(21) Colliman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RPfhciples and
Application of Organotransition Metal ChemisfryJniversity Science
Books: Mill Valley, CA, 1987.

(22) Parshall, G. W.; Ittel, S. DHomogeneous Catalysis: The Applications
and Chemistry of Catalysis by Soluble Transition Metal CompleXed,
ed.: Wiley-Interscience: New York, 1992.

(23) (a) Williams, B. S.; Goldberg, K. J. Am. Chem. So@001, 123, 2576.
(b) Crumpton, D. M.; Goldberg, K. J. Am. Chem. So200Q 122, 962.
(c) Hill, G. S.; Yap, G. P. A,; Puddephatt, R.Qrganometallics1999 18,
1408. (d) Albrecht, M.; Gossage, R. A.; Spek, A. L.; van KotenJGAm.
Chem. Soc1999 121, 11898. (e) Hill, G. S.; Puddephatt, R.Qrgano-
metallics1997, 16, 4522. (f) Goldberg, K. I.; Yan, J. Y.; Breitung, E. M.
J. Am. Chem. So@995 117, 6889. (g) Goldberg, K. I.; Yan, J. Y.; Winter,
E. L. J. Am. Chem. S0d.994 116, 1573. (h) Brown, M. P.; Puddephatt,
R. J.; Upton, C. E. EJ. Chem. Soc., Dalton Trank974 2457. (i) Appleton,
T. G,; Clark, H. C.; Manzer, L. EJ. Organomet. Cheni974 65, 275. (j)
Ruddick, J. D.; Shaw, B. LJ. Chem. Soc. A969 2969. (k) Chatt, J.;
Shaw, B. L.J. Chem. Socl1959 705.

(24) Baylar, A.; Canty, A. J.; Edwards, P. G.; Slelton, B. W.; White, AJH.
Chem. Soc., Dalton Trang00Q 3325.

(25) Van der Boom, M. E., Kraatz, H.-B.; Hassner, L.; Ben-David, Y.; Milstein,
D. Organometallics1999 18, 3873.

(26) Rybtchinski, B.; Milstein, DAngew. Chem., Int. EAL999 38, 870 and
references therein.

(27) Rendina, L. M.; Puddephatt, R. Chem. Re. 1997, 97, 1735.

(28) (a) Reid, S. M.; Mague, J. T.; Fink, M. J. Am. Chem. So2001, 123
4081. (b) Moravskiy, A.; Stille, J. KJ. Am. Chem. Sod.981, 103 4182.
(c) Loar, M. K.; Stille, J. K.;J. Am. Chem. So@981, 103 4174. (d) Ozawa,
F.; Ito, T.; Nakamura, Y.; Yamamoto, RBull. Chem. Soc. Jprl981, 54,
1868. (e) Gillie, A.; Stille, J. KJ. Am. Chem. S0d.98Q 102, 4933.

(29) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. Bull. Chem. Soc.
Jpn. 1981, 54, 1857.

(30) (a) Low, J. L.; Goddard, W. Al. Am. Chem. Sod.986 108 6115. (b)
Low, J. L.; Goddard, W. AOrganometallics1986 5, 609.

(31) Hill, G. S.; Puddephatt, R. DOrganometallics1998 17, 1478.

(32) (a) Sakaki, S.; Mizoe, N.; Musashi, Y.; Biswas, B.; SugimotoJVPhys.
Chem. A1998 102,8027. (b) Sakaki, S.; Ogawa, M.; Musashi, Y.; Arai,
T. Inorg. Chem1994 33, 1660. (c) Sakaki, S.; leki, MI. Am. Chem. Soc.
1993 115 2373.

2840 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002

Complexes
C
N [ C. C\
o OB \c c C——C
. \ / _ L XC —_— . ¢
XM—=C X XM
\c " " MX,

Products
(Prod)

w-Complex
(n-Comp)

Transition State
(TS)

Initial Complex
(Init)

levels3435However, these studies were made fgg€Cspzand
Csp3—Cary (in most cases methylmethyl and methytaryl,
respectively) bonds, and no theoretical study appears to have
been carried out for reductive elimination of unsaturated vinyl
ligands leading to a conjugated product.

While the number of practical applications involving pal-
ladium complexes as catalysts significantly exceeds that reported
for platinum!{~1° the mechanistic studies more often are
performed on the latter met&l:28 This is mainly because of
the larger relative stability of organometallic intermediates for
platinum derivatived!-2227.30This imposes several difficulties
in studying palladium systems, to establish factors responsible
for tuning catalytic activity and selectivity and to rationalize
main features that impart the system with unique properties.

In the present article, we report a density functional study of
the mechanism of vinytvinyl C—C reductive elimination
reaction in the complexes [M(GHCH,)2X.] (Scheme 1). At
first, detailed comparative study of platinum and palladium
complexes will be performed with a representative set of ligands
(X =Cl, Br, I, NHz, PH) in both M' and MV oxidation states.
Then, we will extend our studies to the complexes of other late
transition metals (Rh, Ir'"', Ru', Od"). In all casesAE, AH,

AG, andAG,qwill be presented and discussed. Special attention
will be paid to the stereoselectivity control d&/E)-, (Z/E)-,

and ¢/2)-diene product formation. Here we also address the
question of possible application of viryVinyl coupling in
asymmetric catalysis.

Calculation Procedure

Geometries of the reactants, intermediates, transition states (TSs),
and products were optimized using the B3LYP hybrid density functional
method3¥-40 Unless otherwise stated, the standard 6-311G(d,p) basis
set! for C, N, P, and H and the triplg-basis set with the Stuttgart/
Dresden effective core potenti&s®> (SDD) for halogens (Cl, Br, 1)
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and metals (Pt, Pd, Ir, Rh, Os, Ru) were used in these calculationsfrom the consideration. The calculations were carried out using the
(further referred as BSI). Normal coordinate analysis has been Gaussian98 prograf.

performed for all stationary points to characterize the TSs (one

imaginary frequency) and equilibrium structures (no imaginary fre-

guency) and to calculate zero point energy correction (ZPC) and Gibbs

free energies (at 298.15 K, 1 atm).
In our previous work on a similar systethwe established that

polarization d functions on halogen atoms does not significantly change

the geometry of the transition metal complexes of interest. Here, to . . . . . .
4 We will outline the main trends in the geometries and energetics,

elucidate the role of these polarization d functions to the calculate

Results

Here we will briefly describe the calculated geometries and
relative energies of stationary points of the potential energy
surfaces corresponding to the reductive elimination (Scheme
1) from PtV, Pt!, PdY, Pd', RU', Od', RH", and I derivatives.

energetics, we performed additional single point energy calculations While the discussions of the possible reasons for these trends

with a d function on iodine atoms for the reactant, transition state,
intermediate, and product of the virwinyl coupling reaction for
[Pt(CH=CH,).1;]>~ (M = Pt, X = | andn = 2 according to Scheme

1; details will be discussed below). The relative energies, 0.0, 30.8,

—12.8, and 10.2 kcal/mol, obtained with the SDD(d) basig®sat
iodine only slightly differ from those, 0.0, 31.2,12.3, and 13.0 kcal/
mol, of the SDD basis set, for initial compound, T&complex, and
product, respectively. Therefore, below we will not include the d

function on halogen atoms in the calculations. However, reduction of
the 6-311G(d) basis set to SDD for phosphorus resulted in more
significant discrepancies in the calculated energetics. Particularly, full

geometry optimization of the reductive elimination reaction from [Pt-
(CH=CH,)(PHs)2] (M = Pt, X = PHs, andn = 2) gives the relative
energies of 0.0, 19.3;27.4, and—17.8 kcal/mol with 6-311G(d) and
0.0, 21.4,—-23.8, and—12.5 kcal/mol with SDD, for the initial
compound, TSz-complex, and product, respectively. Therefore, we

will be given in the Discussion. Each studied reaction will be
referred as a separate numbered entry in the tables and text,
while Init, TS,7z-Comp, and Prod notations will be used to mark
initial reactant, transition states-complexes, and products,
respectively (Scheme 1). For the reaction of the complex
[Pt(CH=CH,)X4]>~ (1), we have studied two distinct paths
leading to s-cis and s-trans products, and the stationary points
corresponding to the s-cis path will be referred 1&s Init,
1A_TS,1A m-Comp, andlA_Prod, respectively.

A. Reductive Elimination from Platinum Compounds. PtV
Halogen Complexes [Pt(CH=CH3),X4]?~ (X = CI, Br, I). In
contrast to G-C reductive elimination of methyl groups, the
reaction involving vinyl ligands may proceed via two different
transition states. The origin of this difference comes from the
geometry of the conjugated buta-1,3-diene unit being formed.

atoms throughout this work.
To take into account the possible solvent effect of polar media for

the reaction of interest, we have performed the polarized-continuum-

model (PCM}7-53 energy calculations modeling the water environment.

central single bond (Figure 1). Both transition states were located
in the case of platinum(lV) chloride complexet TS and

1A_TS); the corresponding energies are given in Table 1, and
selected optimized structural parameters are listed in Table 2.

In these calculations, we used the B3LYP/BSI optimized geometries;
i.e., we did not reoptimize the structures in the presence of solvent W€ note here that, at the present level of theory, the calculated

since previously it was shown that reoptimization of the geometry has relative energies of s-trans, s-gauche, and s-cis conformers are

very limited effect on the computed solvation energie& All PCM

0.0, 3.5, and 4.0 kcal/mol, respectively, in agreement with earlier

calculations were carried out at 298.15 K using an average tesserafindings8!

ared®s5of 0.4 A2. To make a reliable comparison with gas-phasg

Reductive elimination through the s-trans pathway ret@ins

values, a thermal correction to free energy from the gas-phase frequencysymmetry and has to overcome the activation barrier of 29.4

runs was added to the total free energy in solvent calculated with PCM.

Metal-carbon bond dissociation energies (BDBYM—C), were
calculated using the relationship

AH = 2D(M—C) — D(C—C)

whereAH is the calculated reaction enthal@(M—C) is the metat
carbon BDE and(C—C) is the carborcarbon single bond dissocia-
tion energy in buta-1,3-diene. Since the B3LYP/BSI calcul&éd—

C) = 109.7 kcal/mol is~4 kcal/mol smaller than 115.8 (G2) and 115.7
(experimental) kcal/md¥? the D(M—C) value we calculate at the
B3LYP/BSI level will intrinsically contain an error of-2 kcal/mol, in
addition to the error ilAH. Note that the reaction enthalgyH will be
calculated relative to the point of complete dissociation of buta-1,3-
diene and metal complex to exclude the metakfin z-bonding term

(46) d-Polarization function exponent 0.266. According to ref 43.

(47) Cossi, M.; Barone, V.; Cammi, R.; Tomadi, Chem. Phys. Lettl996
255 327.

(48) Fortunelli, A.; Tomasi, JChem. Phys. Lettl994 231, 34.

(49) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

(50) Floris, F.; Tomasi, . Comput. Cheml989 10, 616.

(51) Pascual-Ahuir, J. L.; Silla, E.; Tomasi, J.; Bonaccorsi, Rl.Zomput.
Chem.1987, 8, 778.

(52) Mieritus, S.; Tomasi, J. Chem. Phys1982 65, 239.

(53) Mieritus, S.; Scrocco, E.; Tomasi, E. Chem. Phys1981, 55, 117.

(54) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210.

(55) Pomeli, C. S.; Tomasi, J.; Sola, @rganometallics1998 17, 3164.

(56) Cacelli, I.; Ferretti, AJ. Chem. Phys1998 109 8583.

(57) Creve, S.; Oevering, H.; Coussens, BBganometallics1999 18, 1907.

(58) Bernardi, F.; Bottoni, A.; Miscone, G. Rrganometallics1998 17, 16.

(59) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. S0d.993 115 9234.

kcal/mol. On the other hand, initial completxA_Init) and
transition stateslA_TS) for the s-cis pathway belong to the
C; point group and the activation energy is 4.9 kcal/mol higher
than for the former (Table 1). In the latter process, the product
buta-1,3-diene will be released in the s-gauckw) (form.
Reductive elimination reactions are exothermic by 17.0 and 19.9
kcal/mol for s-cis and s-trans pathways, respectively (Table 1).
The energy difference between the initial bisdnyl com-
plexesl Init and1A_Init is only 0.6 kcal/mol with the former
being more stable. The structures can be easily interconverted
to each other via rotation of vinyl ligands around a-Etbond,
which has been shown to proceed with small barrier of a few
kilocalories per molé2 Both transition state( TS andlA_TS)
have a similar three-centered character with minor differences

(60) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Gaussian, Inc., Pittsburgh, PA, 1998.
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s-trans Pathway <4

X2

C-C-C-C=180.0
G Con ¢
X3 “

top view top view
1-5,11-13_Init 1-5,11-13_TS 1-5,11-13_Prod

s-cis Pathway

X4
X2 Pt

X1

X3 D4h

X3 C-C-C-C=33.1
top view 1A Init 1A_TS top view 1A_Prod

Figure 1. S-cis and s-trans reductive elimination pathways from octahedral complexes.

in geometry except for the conformation of the carbon skeleton of 1.741 A, which is increased to 1.785 and 1.829 A for bromide
(Table 2). The relative order of the transition states reflects the (2_TS) and iodide 3 _TS) derivatives, respectively (Table 2).
stability of corresponding buta-1,3-diene isomers in a free form. The length of the PtC bond in initial compoundsl( Init to
Thus, s-cis transition states are expected to lie higher in energy3_Init, Table 2) is increased upon going from=XCl to X =
(see also ref 13 and the section Steric Effect Induced by | in agreement with the expected order of trans effect |
Substituents on Vinyl Groups below) and we will continue the Br > CI, which is known to make the bond in trans position
study following the s-trans pathway only. longer. The reactivity of the complexes in the-C bond

To analyze possible origins of relative stability order, the formation reaction increases in the same order.
deformation energies of the buta-1,3-diene and PtQlnits Mixed PtV Complexes [P{cis-/trans(CH=CH), (PH3)2} -
were evaluated from the single point calculations at the Cl]. Introducing phosphine ligands either in cis or trans position
corresponding transition-state geometrigsTS and1A_TS). to o-vinyl groups favors GC bond formation (Table 1).
Both buta-1,3-diene and P&t units are more stable by 0.8  However, in the case of trans substitutieh) the influence is
and 0.1 kcal/mol, respectively, in the caselofTS geometry much larger AE* = 18.5 kcal/mol, compared taEf = 27.6
(s-trans pathway). Thus, deformation energy (0.9 kcal/mol) kcal/mol for cis derivatives and AE* = 29.4 kcal/mol for the
accounts for only a small part of the energy differences betweenchloride complexl. It is found that lower activation barriers
1 TS andlA_TS (4.9 kcal/mol), while the rest can be attributed are accompanied by higher reaction exothermicitiesXEffor
to interaction energy contribution due to the earlier character 1, 4, and5 in Table 1). Geometry changes follow the trends
of the former transition state. outlined earlier for the halogen complexes (Table 2).

Upon examination of the €C reductive elimination reaction Reactions of botl# and5 lead to the same productsans
from a series of halogen complexes'(PtX = Cl, Br, I; Table [Pt(PH).Clo] and buta-1,3-diene. Therefore, the difference in
1), a clear trend is observed; the heavier the ligand, the smallerreaction energiesAE) reflects the relative stability of initial
the activation barrier, and the larger the exothermicity of the bis-o-vinyl derivatives;5_Init is thermodynamically more stable
process. Therefore, the easier reductive elimination reactionby 7.2 kcal/mol thar_Init. Very likely, destabilization of_Init
should be expected from iodide complexes oV Rtith the due to mutual trans orientation of vinyl and phosphine ligands
activation energy of only 25.0 kcal/mol and reaction energy of is responsible for facilitating the reductive elimination process
—30.3 kcal/mol. The changes in geometry are in line with the 4_Init — 4 TS— 4 _Prod.
energies. In particular, the latest transition state is found for Pt Halogen Complexes [Pt(CH=CH)),X;]?~ (X = ClI,
the chloride complexi(_TS) with the shortest C1C2 distance Br, 1). C—C bond formation initiated from the square planar
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Table 1. Activation (AE*, AH*, AG™) and Reaction Energies (AE, AH, AG) of the C—C Reductive Elimination Stage in the Gas Phase and
AGpg™ and AGa,q in Water Solution (in kcal/mol)2

no. systemP AE* AE AH* AH AG* AG AGaq* AGy
1 Pt(IV), X = Cl 294  —19.9 286 —19.4 292  —306 223 —44.4
1A PH(IV), X = Cl, s-ci$ 343  -17.0 340 —16.0 332 —280
2 Pt(IV), X = Br 272  —253 264 248 265 —359 200  —454
3 PL(IV), X =1 250  —30.3 242 —299 243 414 202  —50.6
4 PH(IV), X1, X2 = PHg; 185  —40.4 175  —39.9 180 —52.2 180  —55.3
X3, X4 =Cl
5 P(IV), X1, X2 = Cl; 276  —33.2 265 —335 276  —46.6 220  —438
X3,X4 = PH,
6 Pt(Il), X = Cl 406  —3.7/26.1 391 —29/276 39.0 —3.0/17.9 239 -15.4/-183
7 Pt(Il), X = Br 354  —8.3/20.6 342 -7.3/219 340 -7.5/126 203  —20.1-19.0
8 PH(Il), X =1 312  —12.3/13.0 300 —11.3/14.3 299 —11.5/5.0 220  —20.2-24.6
9 Pt(Il), X = NH3 352  —85/0.9 337 —78/15 322  —9.3~10.0 313  —115-149
10 Pt(ll), X = PHs 193  —27.4/-17.8 182 —264/175 185 —26.9~29.0 187  —26.5-29.8
11 Pd(IV), X=Br 129 513 125 —505 129 —61.2 8.2 —67.4
12 PA(IV), X =1 11.4  -554 109 —546 113 —658 120 728
13 Pd(IV), X1, X2= PH; 7.3 —57.4 6.6 -56.3 7.2 —67.4 7.9 -70.6
X3, X4 = Cl
14 Pd(ll), X =Cl 189  —22.2/2.3 178  —21.1/4.2 182  —21.2+52 8.1 —31.1+-40.8
15 Pd(ll), X =Br 150  —26.9/-4.8 140 —25.6/3.1 142  —26.0~122 47 —35.5-39.7
16 Pd(ll), X =1 11.9  -30.8~12.0 110 -295-104 110 —29.9~194 45 —37.2/-44.4
17 Pd(ll), X=NHz 153  —25.7~154 143 —24.8-147 136 —26.0~255  13.6  —26.8-29.5
18 Pd(ll), X=PHs 6.8 423338 5.9 —41.0~333 6.1 —421/-444 78 —42.044.6
19 [RAV(CH=CH,)x(PHy):Cl]  17.8  —29.1 168 —28.8 182  —410 187  —42.3
20 [Ir'"(CH=CH,)(PHs)sCl] 285  —138 273  —137 284  —26.4 202 280
21 [RU'(CH=CHy)s(PHs)3] 281  —44.8/23.2 276 —42.8/21.9 29.7 —39.0/13.0 273 —40.1/12.9
22 [08'(CH=CH,),(PHs)q] 341  —42.2/35.0 335  —40.1/34.2 355 —36.2/23.4 338  —36.7/23.7

aAE" = E(TS) — E(Init); for MV complexes: AE = E(Prod) — E(Init); for M"" complexes: AE = E(z-Comp) — E(Init), while the values after /
correspond ta\E = E(Prod)— E(Init). The same is applicable also for enthalpies and free energies. For stationary point structures, see-Figlresd
vinyl ligands are cis to each other, X1 and X2 are trans to vinyl ligands, and X3 and X4 are trans to eachReHdective elimination through the s-cis
pathway (see Figure 1); all the other calculations were done for the s-trans pathway.

bis-o-vinyl complexes§, 7, 8) also proceeds through the three- Pt Complexes with Amine and Phosphine Ligands [Pt-
centered transition state (Figure 2). Upon metarbono-bond (CH=CH)2X2] (X = NH3, PH3). The energetics of €C bond
breakage and reductive elimination, the coordination vacancy formation reaction starting from the amine comp&¢AE* =
becomes available at the metal center andamplex of buta- 35.2 kcal/mol andAE = —8.5 kcal/mol) are similar to those
1,3-diene is formed. Double bond coordinatioff-C=C) to for the bromide derivativesAE* = 35.4 kcal/mol andAE =
the metal atom is preferred in this case, while the structure with —8.3 kcal/mol, Table 1).
central C-C bond coordination has an imaginary frequency  However, reductive elimination reaction from phosphine
corresponding toy?-C—C — #?-C=C rearrangemerit. complex10 is much easier with an activation energy of only

The same trend as noted above fol' R$ observed for the 19 3 kcal/mol and reaction exothermicity 627.4 kcal/mol
series of Ptcomplexes§—8, Table 1); heavier halogen ligands  (Taple 1). This barrier is only slightly higher than that for the
make C-C bond formatlon easier by decreasmg the activation corresponding Pt phosphine complexd( Table 1). In addition,
energy and favoring the process thermodynamically. Geometry pypy), can be considered as a rather stable product in contrast
changes (Table 3) are consistent with the energetics; the lower;, Pt(NH), and Pt%2~ (X = Cl, Br, I). The finding is consistent
the activation barrier height, the earlier the transition state: C1  \uith the experimental experience that phosphine is often added
C2 = 1.666 (for6_TS, X = Cl), 1.700 (for7_TS, X = Br), to reaction mixtures to keep catalyst from decomposition so
and 1-733A(f9'8—_TS' X=1). However, comparing the €C that the process can take place under homogeneous condi-
reductive elimination reaction from 'P{6—8, Table 1) com- tions192122 Opviously, phosphine derivatives are the best
plexes with those of Pt (1-3, Table 1) complexes, one can  .angidates for the reductive elimination process among the Pt
deduce a clear preference of the higher oxidation state. For thecomplexes studied in the preset work.
PtV derivatives, the activation barriers are lower by 162 B. Reductive Elimination from Palladium Compounds
kcal/mol and the processes are rlllnore exothermic by-1B82 P dIV. Halogen Complexes [PA(CH-CH)2X 2~ (X = Cl, Br .
kcal/mol th_an the porrespondlng P,Tfpemes. . ). In this case, €C bond formation takes place rather easily

Another interesting feature of the'P”tystem deserves special . .

. . o with very low barriers of 12.9 and 11.4 kcal/mol fof (X =
notice. Upon dissociation of the-complex, an unusual Pt

species, Pt¥, is formed. However, the energies of these Br) and12 (X = 1), respectively (Table 1). These ard 4 kcall

] .
stationary points are rather high, suggesting the compounds aremoI lower than for the corresponding"Picomplexes, while

unlikely to be sufficiently stable. Formation of analogous the exothermicity of the reactions is increased by as much as

zerovalent anionic complexes of Paas detected by experi- 26 k_C_anOL The high (_exothermlcny _suggests very early
transition state structures; in fact as seen in Table 2, for instance,

ment%3 . .
the forming G-C bond is long, 2.038 A, at2 TS for X = I.
(62) See Figure S1 in Supporting Information. The results in Table 1 show that reductive elimination from
63) (a) Amatore, C.; Azzabi, M.; Jutand, A. Am. Chem. Sod 991, 113 \ P I
53 b (b) Negishi. E.- Takahashi. T+ Akiyoshi, & Chem. Soc. Chem.  ~d’ complexes would proceed most easily among tHeaivid
Commun1986 1338. M halogen derivatives (M= Pt, Pd). It should be noted here
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Table 2. Selected Optimized Geometry Parameters for PtV and PdV Complexes (in A and deg)@

no.,

ligands structure M-C1 M-X1 M-X3 C1-C2 C1-M-X1 C1-M-X3 C1-M-C2
1, Init 2.022 2.597 2.459 85.0 90.9 95.2
X1-X4 =Cl
TSP 2.126 2.613 2.461 1.741 107.6 86.2 48.4
Prod 2.455
1A, Init 2.028 2.591 2.474 85.4 9r.7 93.6
X1-X4 =ClI
(s-cis)
TSP 2.142 2.624 2.458 1.749 106.8 92.7 48.2
Prod 2.455
2 (11), Init 2.030 2.771 2.594 85.4 91.1 94.8
X1—-X4 =Br
(2.032) (2.774) (2.584) (84.8) (85.4) (95.0)
TSP 2.124 2.783 2.595 1.785 107.4 86.9 49.7
(2.091) (2.783) (2.585) (1.987) (102.5) (87.2) (56.7)
Prod 2.585
(2.580)
3(12), Init 2.043 2.979 2.786 86.0 91.1 94.3
X1-X4 =1
(2.045) (2.996) (2.780) (85.7) (85.9) (94.3)
TSP 2.130 2.983 2.789 1.829 106.0 87.7 50.8
(2.097) (3.002) (2.793) (2.038) (101.3) (88.3) (58.2)
Prod 2.764
(2.767)
4 (13), Init 2.070 2.476 2.451 87.0 94.0 86.6
X1, X2 = PH,
X3, X4 =_Cl
(2.057) (2.522) (2.422) (88.6) (94.5) (85.1)
TSP 2.137 2.474 2.444 1.867 104.1 88.8 51.8
(2.097) (2.544) (2.410) (2.045) (102.4) (89.1) (58.4)
Prod 2.314 2.422
(2.325) (2.385)
5, Init 2.062 2.543 2.334 86.2 92.4 95.4
X1, X2 =CI, X3,
X4 = PHz
TSP 2.130 2.576 2.328 1.846 108.0 98.2 51.4
Prod 2.422 2.314 T

aValues for M= PdV are given in parentheses (see Figure 1 for structubds)aginary frequencies (in crd): 1 TS 448.5, 1A TS 491.14, 2 TS
462.2,3 TS 468.2,4_TS456.8,5_TS462.9, 11 TS 415.4, 12 TS 386.5 and13 TS 394.5. ¢ C1-Pt-X4 = 86.4 and 86.1 for Init and TS, respectively.

top view top view

G G, ¢
6-10,15-18 _Init 6-10,15-18_TS 6-10,15-18 n-Comp 6-10,15-18 Prod

Figure 2. S-trans reductive elimination pathway from square planar complexes.

that we were not able to locate the transition state for XI; to be rather general and applicable td¥Pcbmplexes as well;
during geometry optimization two chloride ligands tend to the corresponding P complex 13 with phosphines trans to
dissociate, resulting in a structure similarli TS (see below). carbons has a low activation barrier for-C bond formation

Mixed PdV Complex [Pd{trans-(CH=CH2)z(PHa),} Cl3]. of only 7.3 kcal/mol. In fact, this is the smallest activation energy
We excluded from consideration the complexes with Rfainds ~ found for all the MY complexes in the present work.
located cis tos-bonded carbon atoms, since this type d¥ Pt Pd" Halogen Complexes [Pd(CH=CH3)X2]?>~ (X = CI,
derivative 6, Table 1) showed a very small effect of Pbin Br, I). Within the series of Phalogen complexe&4 (X =

reaction energetics. Previous'PPt! results 4 and 10, Table Cl), 15 (X = Br), and16 (X = 1), the expected trends in the
1) suggest that phosphines trans to carbons should significantlyenergies and geometry changes are again found; the heavier
facilitate the reductive elimination process. This trend seems the halogen, the smaller the activation energy and earlier the
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Table 3. Selected Optimized Geometry Parameters for Pt and Pd'" Complexes (in A and deg)@

no.,

ligands structure M-C1 M=X2 c1-c2 C2-C3 C1-C4 M-C4 C1-M-X1 C1-M-C2 X1-M-X2
6 (14), Init 1.984 2.613 86.4 95.0 92.3
X1,X2=Cl
(1.994) (2.599) (86.5) (92.9) (94.0)
TS 2.066 2.638 - 1.666 - - - 107.5 475 97.8
(2.036) (2.626) (1.844) (102.7) (53.8) (101.6)
m-Comp 2.105 2.613 2.623 1.458 1.350 1.469 2.033 F149 419 95.4
(2.173) (2.614) (2.618) (1.447) (1.354) (1.439) (2.041) (194.5 (39.8Y) (103.5)
Prod 2.470
(2.491)
7 (15), Init 1.984 2.811 — - — - — 86.5 94.2 92.8
X, X2 =Br
(1.992) (2.819) (86.8) (92.0) (94.5)
TSP 2.060 2.826 — 1.700 — - — 107.2 48.7 97.9
(2.030) (2.853) (1.900) (101.4) (55.8) (103.4)
m-Comp 2.107 2.804 2.800 1.461 1.347 1.460 2.038 F15.1 41.# 97.2
(2.175) (2.873) (2.816) (1.451) (1.350) (1.429) (2.055) (195.3 (39.4) (106.6)
Prod 2.585
(2.646)
8(16), Init 1.988 3.017 86.8 93.1 93.2
X1, X2=1
(1.994) (3.039) (87.1) (91.0) (94.8)
TSP 2.068 2.983 1.733 105.7 49.7 100.5
(2.031) (3.037) (2.937) (100.3) (57.0) (105.5)
m-Comp 2.118 2.964 2.957 1.461 1.346 1.455 2.048 F14.0 40.8 100.5
(2.185) (3.042) (2.977) (1.452) (1.348) (1.424) (2.070) (194.1 (39.0% (109.2)
Prod 2.717
(2.771)
9(17), Init 2.000 2.249 87.0 90.3 95.7
X1, X2 = NHj3
(2.002) (2.250) (88.2) (87.7) (95.9)
TS 2.067 2.329 1.669 112.1 47.6 88.1
(2.033) (2.319) (1.882) (105.2) (55.1) (94.4)
m-Comp 2.086 2.310 2.296 1.455 1.339 1.472 2.058 F13.4 41.1 88.9
(2.112) (2.299) (2.331) (1.464) (1.343) (1.425) (2.095) (197.5 (39.6Y) (97.2)
Prod 2.072
(2.106)
10(19), Init 2.062 2.357 86.7 84.7 101.9
X1, X2 =PH;
(2.052) (2.380) (86.1) (82.9) (104.9)
TSP 2.104 2.349 1.864 102.0 52.1 104.2
(2.071) (2.395) (2.022) (97.5) (58.4) (106.5)
m-Comp 2.188 2.326 2.317 1.469 1.339 1.428 2.149 F05.6 38.4 108.7
(2.242) (2.344) (2.355) (1.464) (1.339) (1.398) (2.196) (194.6 (36.7) (112.8)
Prod 2.261
(2.291)

avalues for M= Pd' are given in parentheses (see Figure 2 for structubésjaginary frequencies (in cm): 6_TS 477.7, 7_TS 480.9, 8 TS 484.4,
9 TS 369.2,10 TS 450.2, 14 TS 461.2, 15 TS 443.7,16 TS 426.9, 17_TS 433.3 and18 TS 378.6. ¢ C1—Pt-X2 in the case af-Comp.4 C4—Pt-C1
in the case oft-Comp.

transition state, with longer CG1C2 bond and larger C1Pt— [PA®(NH3),] relative to the corresponding-complex differs
C2 angle (Table 3, Figure 2). The smallest barrier is calculated significantly, the former being-11 kcal/mol less stable than
for the iodide complexAE* = 11.9 kcal/mol, and the largest, the latter.
18.9 kcal/mol, for chloride, with bromide between, 15.0 kcal/ For the Pd phosphine compled8, vinyl—vinyl coupling
mol. An increase in activation energies is accompanied by a reaction is very easy, with the barrier only 6.8 kcal/mol, the
decrease in exothermicity (Table 1). As discussed earlier for smallest barrier reported in this article. Th8 TS is a very
the corresponding platinum compounds, reductive elimination early transition state with the forming bond of €C2 = 2.022
reaction from PH halogen complexes also gives anioni®Pd A and C1-Pd—C2 angle of 58.% (Table 3).
specie$? C. Reductive Elimination from Rh" | Ir"  Ru", and O¢'

Pd" Complexes with Nitrogen and Phosphine Ligands Complexes.We extended the study of-€C reductive elimina-
[PA(CH=CH)2X3] (X = NH3, PH3). Very similar geometries tion reactions to other members of late transition metals in order
for both initial compound and transition state are found for the to find possible alternatives to Pd/Pt complexes for catalytic

complexes with X= NHz and X= Br (17 and15in Table 3). coupling reactions. The calculations were performed only for
The activation and reaction energies are also SimisE" = the corresponding phosphine complexes, for which experimental
15.0 and 15.3 kcal/mol andE = —26.9 and—25.7 kcal/mol precedents for the reaction were report&d? In the case of

for X = Br and X = NHg, respectively (Table 1). Thus, both  rhodium and iridium derivatives, an extabonded ligand has
complexes would show a similar reactivity in the reductive to be added to maintain the correct oxidation state, because Rh
elimination process. However, the stability of fiBd:]?>~ and and 1" compounds are rarely knovffi The chloride has been
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C-C-C-C=1214
[122.6)

[1.734]

252)

Rh-P =2.428
[2.408}

Rh-Cl =[2.501

2332] () rhp=242
[2.408]

y XEY Rup=2412 +
N N [2.375]
R-P=2254 Y

Rh-P =2.424

iy Cli [2.377] [2.247]
19_Init c1 19 TS  4415icm! 19_Prod
[20_Il'lit] [ZO_TS] [411.5icm'1} [20_Prod]
[1.783) C-C--c :[112235'% ]

M-Ru =2.330
[2:339]

Ru-P=2.294
[2.301]
[2.371]

® 12.301]
Ru-P =2305

Ru-P=2312 s

C-Ru-P=1162,166.4
i 1 [120.5, 167.8] {2321)
21_Init 21 TS 438.0icm’! 21_n-Comp 21_Prod
[22_Init [22_TS]4343i cm'!] [22_r-Comp] [22_Prod]

Figure 3. Optimized geometry structures for Rrand 1M (top) and Rt} and O4¢ (bottom) reductive elimination reactions. Parameters frdnd O4
derivatives are given in brackets.

chosen for this purpose. Thus, the model compounds studiedDiscussion
arel9 [Rh”l (CH=CH2)2(PH3)3C|], 20 [|I’III (CH=CH2)2(PH:3)3-

Cll, 21 [RU'(CH=CHy)»(PHy)3], and 22 [Os'(CH=CHy)- Thus, our calculations, in agreement with the available
(Pli|3)3]. ' experiments, have demonstrated that the reactivity of the

[M(CH=CH,)2X,] complexes (for M= Pd and Pt) in &C

As in the previous cases (Figure 1 and Figure 2), vinyl / /
bond formation depends on the nature of the ligand X and

vinyl coupling for these compounds also occurs through the i
three-centered transition states (Figure 3). The lengths of thedecreases in t.he prder#( PH; > | > Br, NHz > Cl fo.r bO.th
forming C—C bonds at the transition state for'lrand O MY and M! omdafuon_states. _In all the_cases, phosphine ligands
compounds (1.734 and 1.783 A) are considerably shorter thandecrease thc_a activation barriers and increase the exothe_rmicity
for RA" and RU (1.856 and 1.843 A) analogues. The Wilkin- Of the reaction. The present results also show that, without
son-typel9 Prod and its iridium analogu20_Prod are formed ~ €xception, all the second-row metals (Ru, Rh, Pd) show lower
as final products for the first two reactions. In agreement with Parriers and higher exothermicities than the corresponding third-
the experimental studies, initial Rand O4 complexes have 0w metals (Os, Ir and Pt) within each subgroup (Table 1), i.e.,

square-pyramidal structut®, while the products arep the reactivity of the studied complexes decreases via Pd
coordinatedr-complexes21_sz-Comp and22_z-Comp!920t Pt, PdY > PtV, RH! > Ir'l, and RU > Os'. The complexes
is interesting to note that i@1_TS and22 TS the axial P~ Of PtY are more reactive than corresponding complexes'bf Pt

ligand does not occupy a symmetrical position with respect to Similar results have been obtained for Pd complexes, while for
the carbon atoms but rather is located trans to one of themthem this effect is less pronounced. Considering the most
(Figure 3). The smallest activation barrier among these four reactive phosphine complexes, the following overall relative
compounds is found for #h19 (17.8 kcal/mol), while those ~ reactivity order in vinyt-vinyl coupling reaction may be
for the other complexes are considerably higher (284.1 kcal/ ~ suggested for these metals: "\RdPd' > PtV, Pt'. Thus, Pd
mo|) To Summarize, the present calculations show thdt-Rh Complexes are Suggested to be the most reactive for this reaction.
based complexes can be considered as possible catalysts for In this section, the major factors controlling the reactivity of
vinyl—vinyl reductive elimination, while I, RU', and O4 the transition metal complexes studied here will be discussed.
analogues are likely to be less active. Once, again, our At first, the electronic effects arising from the metal atoms M
calculations shown that the second-row metals have lower and ligands X will be analyzed, followed by consideration of
barriers as well as higher exothermicities than the third-row closely related topics of metatarbon bond strengths and ligand

metals within each subgroup (Table 1): 'Rk Ir'"" and Ry > trans effect (trans influence). Next, we will discuss the steric

Od'. effects arising both from the ligands X and from the substituents

(64) Cotton, S. A.Chemistry of Precious MetalsBlackie Academic and on the me_l grou_ps. Fma”_V‘ we wil analyze the a_symmemc
Professional (Chapman & Hall): London, 1997. nature of vinyl-vinyl coupling followed by comparison with
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Table 4. Promotion and Averaged Reaction Energies (in kcal/mol)
for C—C Reductive Elimination Reactions from Platinum and
Palladium Complexes&?

) AEaveraged
atomic energy
difference® X=Cl,BrI X = PH; NH3¢

reaction Pd Pt Pd Pt Pd Pt
MV — Ml —56.0 —-14.8 -534 —27.8 —-574 —40.4
(2d® — sidd) (11,12 (2,3
M — MmO —219 111 —-4.8 19.9 —33.8 —17.8
(s'd® — d10) (14-16) (6-8) [—15.4] [0.9]

aThe compounds used for averaging are given in parentheses (see Tab
1 for energies and Figures 1 and 2 for structuregor Pt and Pd, AE
with respect to the final products (MX+ diene), rather than te-complexes
is used (see captions to Table 1Experimentally determined; see text for
details.d Values for X= NHjz are given in brackets.

the well-known Gpz—Csps elimination reaction. The study of
the solvent effect will also be discussed.

A. Reaction Energetics in Terms of Electronic Configu-
ration of the Metal Atoms and Electronic Nature of the
Ligand X. As was pointed out earliéf;55 the change in the
degree of oxidation of metal atoms during the oxidative addition/

reductive elimination reactions could be described in terms of

the promotion of electronic configuration of metal atoms. In

the M°, M"', and MY complexes, both Pt and Pd atoms possess,

d,10 sld® and 2d® electronic configurations, respectivéfyin

M9, no covalent bonds are possible, since all five d orbitals are

doubly occupied. In contrast,'Mand MY atoms can make two
and four covalent bonds, respectively,
d orbitals. The energy differences between the lower-lying

using halogen ligands as reference point, we define the
stabilization energy for NEI(AAE;) and PH (AAEy) ligands
as follows:

AAE, = AE(halogens)- AE(NH;) and
AAE, = AE(halogens)- AE(PH,)

According to Table 4AAE; = 10.6 and 19.0 kcal/mol for
M = Pd' and PY, respectively, andAAE, = 29.0 and 37.7
kcal/mol for M = Pd' and P¥, respectively. In both cases, Pt
IE'(:omplexes are stabilized more by almost the same value,
AAE;(Pt) — AAE;(Pd) = 8.4 kcal/mol andAAE,(Pt) —
AAE»(Pd)= 8.7 kcal/mol. In addition, the degree of stabiliza-
tion by PH; ligand as compared to NHAAE, — AAE)) is
also very similar, 18.4 kcal/mol for M= Pd' and 18.7 kcal/
mol for M = Pt'. Concerning the ¥ — M" transformation,
the influence of Pklseems to be much smallexAE, = 4.0
and 12.6 kcal/mol for M= Pd¥ and PY, respectively. However,
the difference in stabilization between two metal\E,(Pt)

— AAEy(Pd) = 8.6 kcal/mol, is similar to the Mcase.

The above discussion clearly indicates systematic ligand
effects in the studied system, which can be summarized as
follows. (i) PH; ligand stabilizes electronic states that have more
electrons on d shells, i.e.}%over gd° and 3d° over 2d8; (ii)
the degree of stabilization decreases in the ordey PNH; >
halogens; and (iii) platinum-based compounds are more sensitive

through the hybrid s angto the stabilization effect than the corresponding palladium

complexes. It should be noted that a similar qualitative electronic

electronic configurations of Pd and Pt atoms and the calculategStaPilization effect was observed in-# oxidative addition

average reaction energies for-C reductive elimination reac-
tions of the Pd/Pt complexes are given in Table 4.

As seen from Table 4 and Table 1, the concept of lower lying
electronic configurations provides reliable qualitative description
of the systems studied. In particular, (i)t M" reductive
elimination is always more exothermic thar' M- MO, which
is consistent with the calculatedd® — s'd® and $d°® — d'©
promotion energies, and (i) both ¥d— Pd' and P4 — Pd®
processes are more exothermic compared % Pt Pt and
Pt — P, which is again agrees with the calculatéd®s—
s'd® and 2d°® — d° promotion energies of Pd and Pt atoms. In
agreement with the Hammond postulate, (i) the activation
energies are lower when the reaction starts frot diérivatives
than from M', and (ii) C-C bond formation involving palladium
complexes requires significantly smaller barriers than with
platinum.

Although the energetics of reductive elimination from plati-

reactions to zerovalent platinum and palladium phosphine
complexe$?®

Similar considerations are also applicable for the reductive
elimination reactions for the other platinum group metals. Our
calculations on reductive elimination reactions have shown an
energetic preference of Bhcompounds to I¥, RU', and O4
compounds. The fact can be rationalized ny taking into account
that the only exothermic promotion energy-e87.6 kcal/md62
is expected for &’ — s'd® (Rh" — RN). In contrast, &’ —
std® (Ir'"" — Ir') and 4d” — d® (Ru' — RWP) are endothermic
by 25.1 and 9.2 kcal/mol, respectivel?

B. Metal—Carbon Bond Dissociation Energies.The cal-
culated M=(CH=CH,) bond dissociation energies for his-
vinyl derivatives are listed in Table 5. In most cases, corre-
sponding experimental values are not available; therefore,
M—CHs bond strengths will be used for comparison. In
discussing bond dissociation energies, we will consider (i) the

num and palladium complexes without extra ligands (such as ligand effect for M= Pt and Pd; (i) the effect of oxidation

PH; and NH) is quantitatively correlated with the atomic energy
differences’®33in the case with extra ligands, only a qualitative

state for PY/Pt!, PdV/Pd'; and (iii) the metal effect for M=
PﬂI/IV, PdI/IV, RHII, “—III, RUI, Oél

agreement is observed. The main reason for this difference Ligand Effects. A very similar ligand effect is observed for

comes from the fact that ligands, which are not directly involved

platinum and palladium compounds in both oxidation states;

in the reaction, stabilize electronic states in a different manner. bond strength decreases in the order>CBr > | > NH3 >

Considering reductive elimination transformatiod M M° and

(65) Cui, Q.; Musaev, D. G.; Morokuma, KOrganometallics1998 17, 742.

(66) (a) Moore. C. FAtomic Energy Leels, NSRD-NBS.; U.S. Government
Printing Office: Washington, DC, 1971; Vol. lll. (b) Ground state for Pd
atom is d° while for Pt atom &P°. According to the above reference,
experimentally determined relative energies averaged over—spiit
components are (in kcal/mol) as follows: P&#@S) 0.0, $d°(*D) 21.9,
Sd8(SF) 77.9; Pt &°(°D) 0.0, d9(*S) 11.1, &d8(3F) 14.8. Supported with
the relativistic ECP basis set, BSLYP very well reproduces the relative
stability of these electronic states (see refs 13, 65, and 73).

PH; (note, NH for M" only). These calculations are in

agreement with the experimental measurements that relative

Pt'—CHs; bond dissociation energy decreases in the order Cl

Br > | with the halogen ligands trans to the methyl grédp.
Effect of Oxidation State for Pd and Pt. The effect of

oxidation state can clearly be resolved by comparing the

respective halogen complexes; in both metals, £MPd, Pt)

the M'—(CH=CH,) bond is by 23 kcal/mol stronger than'\*-

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2847



ARTICLES

Ananikov et al.

Table 5. Calculated M—(CH=CH,) and Experimental M—CHjs
Bond Dissociation Energies (in kcal/mol)

no. complex? BDE
1 [PtV (CH=CH,).Cl4)2~ 45.2
1A [PtV(CH=CH,),Cl4]?~ 46.9
2 [PtIV(CH=CH2)zBI'4]27 42.5
3 [PtV(CH=CHy)2l 4]~ 39.9
4 [PtV{trans—(CH=CH,)(PHs)2} Cl]%~ 34.9
5 [PtV{ cis—(CH=CH,)2(PHs)2} Cl5]?~ 38.1
PtV —CHz exp 32.49
6 [Pt'(CH=CH,),Cl;]*~ 68.7
7 [Pt'(CH=CH,),Br]?~ 65.8
8 [Pt“(CH=CH2)2|2]27 62.0
9 [Pt (CH=CHy)2(NHz3)2] 55.6
10 [Pt (CH=CHy)2(PHs)2] 46.1
Pt'—CHs exp 61.78
11 [PdV(CH=CH,),Br4)%~ 29.6
12 [PdV(CH=CHy)2l 4%~ 27.6
13 [pdV{ trans-(CH=CHy,),(PHs)2} C|2]27 26.7
14 [Pd'(CH=CH,).Cl,]>~ 57.0
15 [Pd'(CH=CHy),Br]?~ 53.3
16 [Pd'(CH=CH,)l]>~ 49.7
17 [Pd'(CH=CHy)2(NH3)7] 47.5
18 [Pd'(CH=CH,)(PHs)] 38.2
Pdf—CHs exp 43.40
19 [RA"(CH=CHy)(PHs)sCl] 40.5
20 [|I’”|(CH=CH2)2(PH3)3C|] 48.0
21 [RU"(CH=CH,)2(PHs)3] 65.8
22 [0S (CH=CH,),(PHs)3] 72.0

aCorresponding Init compound&BDE for the initial bise-vinyl
compound corresponding to s-cis reductive elimination pathway.

(CH=CHy,). The results are consistent with the experimentally
measured difference of 29.3 kcal/mol betweeh-REH; and
PﬂV—CH3.68'69

Metal Effects. Considering a pair of metals in each subgroup,
the following effect of metal on M(CH=CH,) bond dissocia-
tion energies was obtained: "Pt= PdY, Pt' > Pd', Ir'"" >
RKh!", Od' > RU'". In short, heavier metals tend to form stronger
bonds with o-vinyl ligands. The experimentally observed
difference of 18.3 kcal/mol between'PtCH5% and Pd—CHz"°
agrees with the 1213 kcal/mol found in our work, despite the

reactions. For halogen complexes of both Pt and Pd in both
low and high oxidation states, a very good correlation is
observed; the larger the value of\C bond dissociation energy,
the higher the activation barrier. However, this is not the case
if phosphine and nitrogen ligands are involved in comparison.
Reductive elimination from complexés Init, [PtV{cis-(CH=
CHz)z(PHg)z}Cb]Z_, and 2_Init, [PﬂV(CH:CHz)zBM]z_, is
characterized with approximately the same activation energy
(27.6 and 27.2 kcal/mol, respectively, Table 1), while the bond
strength differs significantly (38.1 and 42.5 kcal/mol, respec-
tively, Table 5). Similarly, the contradiction occurs while
comparing bond dissociation energies and reaction barriers for
amine and halogen ligands of'Rtf. 9 and6—8, Tables 1 and

5) and P4 (cf. 17 and 14—16, Tables 1 and 5)Therefore,
metat-carbon bond strength could be used for estimating
relative reactuity in the reductie elimination reaction only for
ligands of similar nature (i.e., halogens). Hoveg, this single
parameter fails to proide adequate prediction for a wide range
of complexes.

Finally, it should be noted that the absolute values of the
presented bond dissociation energies are subject to known
limitations, although in such a cases the relative trends are
believed to be reproduced correcthy.

C. Trans Effect and Trans Influence in the Reactivity.
Both trans effect and trans influence of the ligands are widely
applied to estimate and explain the reactivity of transition metal
complexes. The former is defined as a kinetic factor related to
transition state, while the latter describes the degree of bond
strength weakening opposite to a particular ligkh&or the
ligands investigated in the present work, trans effect and trans
influence generally coincide in platinum complexes: ;PR
| > Br > Cl > NH3.54 We will continue further discussion using
the trans effect concept, keeping in mind that the same relative
order should be expected if trans influence would be considered.
Structural parameters exhibit some changes in agreement with
the expected trans effect; particularly, imcomplexes the
coordinated €&C bond becomes shorter, while the4@ bond

fact that experimental measurements were done for differenthecomes longer with an increasing trans efféctzComp—

complexes. Since, previouslythe factors affecting the ML

10_n-Comp, Table 3).

bond energies upon going from the second-row transition metals  However, the concept fails to describe correctly energetic
to third-row metal have been discussed in more detail, here we prgperties. Neither reaction exothermicities nor barrier heights

will not repeat them.

follow the trend (Table 1). In addition, both relative orders of

Of course, one of the most interesting questions is whether bond dissociation energy (Table 5) amecomplexation energy
the bond dissociation energy can be used to predict the relative(AE = E,_complex— Eproduct for 6—10in Table 1) disagree with

activity of transition metal complexes in vinylinyl coupling

the proposed trans effect. Therefore, our calculations show that,
although widely implied and sometimes helpful in predicting

(67) The mass spectral measurements actually determine the BDE of molecularstryctural changes, trans effect (trans influence) may not be

ions rather than neutral complexes; however, it is generally accepted that

these experiments provide the correct relative scale for the parent
compounds (see also, a discussion): Morvillo, A.; Favero, G.; Turco, A.
J. Organomet. Chenl983 243,111.

(68) Pt—CH; BDE averaged from 63.9 and 59.6 kcal/mol reported in: Al-
Takhin, G.; Skinner, H. A.; Zaki, A. AJ. Chem. Soc., Dalton Tran984
371.

(69) Several experimental values of"PtCH; bond dissociation energies are
available: 30.9 and 328231.62%" and 34.4 kcal/mot3" We will use the
average value 32.4 kcal/mol of the experimentally determined bond
dissociation energies. (a) Roy, S.; Puddephatt, R. J.; Scott,J].Chem.
Soc., Dalton Trans1989 2121.

(70) A gas-phase value of 43.4 kcal/mol was obtained for-ReH; from a
guided ion beam mass spectrometry sttfirhe same method gives'Pt
CH; BDE of 61.6 kcal/mof® which is in a good agreement with
experimental value of 61.7 kcal/mol determined fdt-REH3.%8 (a) Chen,
Y.-M.; Sievers, M. R.; Armentrout, P. Bint. J. Mass. Spectrom. lon
Processe4997 167/168 195. (b) Zhang, X.-G.; Liyanage, R.; Armentrout,
P. B.J. Am. Chem. So®001, 123 5563.

(71) See: Musaev, D. G.; Morokuma, KrganometallicsL995 14, 3327 and
references therein.
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reflected in energetic properties. As will be shown later, these

rather complicated energetic dependencies are the result of
existing electronic and steric factors in these systems, which

do not follow the same trends.

D. Steric Effects from the Ligand X. Recently$273it was
shown that oxidative addition and reductive elimination pro-
cesses may proceed through nonplanar transition states. Al-
though electronic factors favor a planar structure due to
maximum overlap with the preferred metal d orbital, steric
factors cause deviation from planarf/ Similar conclusions
could be drawn from our calculations on the transition states

(72) Martinho, J. A.; Beauchamp, J. Chem. Re. 199Q 90, 629.
(73) Cui, Q.; Musaev, D. G.; Morokuma, Krganometallics1997, 16, 1355.
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Table 6. Angle between X—M—X and C—M—C Planes as a
Function of X Ligand and Metal at the Transition State”

Table 7. Relative Energies of Vinyl—Vinyl Coupling from [PtV(E/
Z)-CH=CHlI),14]2~ Complexes (in kcal/mol)a?

M x=cl X =Br X=I X = NH, X = PH, EIE ZIE bdrd
pt! 8.9 13.8 16.9 2.9 6.4 initial 0.0 10.7 21.9
Pd' 11.6 17.4 21.4 0.8 0.1 TS 28.1 39.3 51.9
PtV -7.0 -8.0 —8.6 -3.68 product —6.5 —6.4 —6.6
Pdv —6.8 —-7.3 —-2.5 AE* 28.1 28.5 30.0

AE —6.5 —-17.2 —28.5

aCorresponds t&.

for reductive elimination for the present complexes. Indeed, our

data indicate that these transition states are nonplanar; i.e., the

forming C—C bond is tilted out of the XM—X plane’*
Moreover, the tilt angle increases by increasing the size of the
halogen ligand X (see Table 6).

Based on the tilt angle presented in Table 6, the following
order of the steric effects between X ligands can be suggested
| > Br > Cl > NH3,PHs. This is an expected trend. Indeed,
here the steric effect includes electrostatic interactions and
exchange (steric) repulsion with ligands X, and electrostatic
interactions are expected to be larger in charged halogen
complexes (X= Cl, Br, I) than the neutral ones (3 NHj,
PHs). The tilt angle is found to be larger for Pthan PY, since
the former has an earlier transition state (Table 6).

Absolute values of the tilt angle exhibit the same trend for
both MV and M'. However, the values for M are significantly
smaller and have opposite sign. The differences betwe¥n M
and M' can be rationalized by taking into account that the
former is an octahedral complex with two additional ligands in
a perpendicular plane, which also interact with the vinyl groups.
Repulsive interactions from ligands in octahedral complexes

aAE¥ = E(Init)y — E(TS); AE = E(Init) — E(Prod).» Z/E and Z/Z
pathways calculated in this work; f&/E pathway, see ref 13.

are given in Figure 4 and the energies in Table 7. According to
the structures presented in Figure 4;Cbond formation takes
place through similar three-centered transition states as discussed
earlier (see Figure 1 and Figure 2). Vimytinyl coupling of

the ligands withE/E, Z/E, and Z/Z stereochemistry does not
‘deviate significantly from each other in the activation barriers,

which are in the range of 28:130.0 kcal/mol (Table 7).
Obviously, the stereochemistry of the reaction is not controlled
kinetically. To the contrary, the increase of the relative energy
of both initial biso-vinyl derivatives and transition states in
the order ofE/E < Z/E < Z/Z indicates thermodynamic control
of the process. EaclZ)-o-vinyl ligand substitution from E)-
o-vinyl disfavors thermodynamic stability by10 kcal/mol.

The origin of the thermodynamic control becomes clear if
we closely examine the geometries of the transition states for
all three coupling pathways. Since, the geometry around the
double bond is rigid in the case d)to-vinyl ligand, the bulky
iodine atom on vinyl is much closer to the ligands on the metal
than for E)-o-vinyl ligand. This causes a steric repulsive energy

compensate each other, leading to smaller deviations from planaref 11—12 kcal/mol. Of course, the same is also applicable to

transition-state structuré.n agreement with geometrical trends,
changing X from Cl to Br and from Br to | reduces the activation
barriers by~2 kcal/mol for P and by~5 kcal/mol for PY.
Also, in MV derivatives, carbon atoms of each vinyl ligand are
located on the opposite sides of the-M —X plane (in contrast
to M), thus changing the sign of the tilt angte.

Thus, one may conclude that the reductive elimination process
from initial complexes with square planar geometry may be
more sensitive to the steric effects than from those with
octahedral structure.

E. Steric Effect Induced by Substituents on Vinyl Groups.
Since the rotation around the carbecarbon double bond in
the vinyl group does not take place under normal experimental
conditions, depending on the stereochemistry of the initial bis-
o-vinyl complex, E/E)-, (E/2)-, or (Z/Z)-dienes may be formed
as final product$® The stereoselectivity problem is of vital
importance in catalysis, and it deserves special attention.

A convenient model for this purpose is provided by th¥-Pt
catalyzed acetylene conversion reactiorggj-1,4-diiodobuta-
1,3-diene'? Here, in addition to theE/E pathway studied
earlier!® we investigate thd&/Z and Z/Z pathways in order to
find out factors controlling stereoselectivity of viryinyl
coupling.

Optimized geometries for initial bis-vinyl complexes,
transition states, and products WE andZ/Z coupling reactions

(74) See Figure S2 in Supporting Information.

(75) To avoid misunderstanding/Z nomenclature will be used to distinguish
isomers around the carbewarbon double bond, while s-cis and s-trans
notation corresponds to different conformations caused by hindered rotation
around central €C bond in dienes.

the initial biso-vinyl complexes as well. Releasing of this strain
energy on the product stage leads to higher exothermicity in
the orderZ/Z > Z/E > E/E by approximately the same value
of ~12 kcal/mol (Table 7). Thus, in full agreement with
experimental findings, thee(E)-vinyl—vinyl coupling pathway

is the most favored one in the present system. The higher
reactivity of E isomers has been also observed in the palladium-
catalyzed vinyt-vinyl cross-coupling reactioff. The conclusions
made in the present work are also in agreement with another
experimental observation, which detected B#ndZ isomers

for triple bond activation in a similar PdgCl~ system’’
Obviously, the smaller size of the chlorine atom compared to
iodine decreases possible repulsive interactions and thus leads
to aZ/E isomer mixture.

To summarize, rigid geometry around the carbearbon
double bond allows stereoselectivity control of the viayinyl
coupling stage via adjusting steric interaction between the vinyl
ligand and metal coordination sphere.

F. Asymmetric Nature of Vinyl—Vinyl Coupling. After
careful consideration of the vinylvinyl reductive elimination
reaction, we have found that-@C bond formation through the
s-trans pathway may proceed via two different transition states
representing nonsuperimposable mirror image structures. Figure
6 shows an example corresponding to the experimentally
observed GC coupling reaction discussed above (see the
section Steric Effect Induced by Substituents on Vinyl Groups).

(76) Abarbri, M.; Parrain, J.-L.; Cintrat, J.-C.; Duchene Synthesid4996 82.
(77) B&kvall, J.-E.; Nilsson, Y. I. M.; Gatti, R. G. FOrganometallics1995
14, 4242.
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2.764

C=C-C=C=113.6

Dah

top view

2.764

top view
Figure 4. Optimized structures foZ/E (top) andZ/Z (bottom) coupling reactions.

enantiomeric variations (i.e., mirror images of transition state
and initial complex are superimposable).

Thus, the present studies revealed that the wvimyiyl
reductive elimination reaction may proceed through two enan-
tiomeric (s-trans) and one meso (s-cis) pathwdy3hese

Distances between iodine
atoms in vinyl groups and
in metal coordination sphere, A

Relative energy,
y keallmol

1113=5688  1216=5.688
1115=5963  D2-14=5963 ! 2.1

11-16 = 6,031 DIB3=6031 | : investigations give important information for further experi-
P78 1215 27984 mental research. Within this-&C reductive elimination scheme,

: i one can facilitate either enantiomeric or nonenantiomeric routes
§ i AEet1 simply by adjusting the structure ofvinyl ligands.

5 As seen in Figure 6A, the principal structural unit responsible
i for chirality in the studied system consists only of vinyl groups
and the metal atom; thus, any coupling reaction through the

Iod0ae I2Ie-s6% 103 three-centered s-trans reductive elimination transition state would

| NA6=6608  1213=6081 | N allow an existence of two enantiomeric pathw&yEhe question

PRI RAS=T7970 of chirality in the studied system is closely related to sym-

5 metry: TheC, pathway exhibits enantiomeric properties, while

AE=12.6 Cs does not. The finding is in agreement with lBgsymmetry

: : design concept used in asymmetric catalysis for a long

: time 148081 Available experimental study does not provide

evidence for the presence of chiral asymmetric catalysis, since

519 it was based on simple compounds without asymmetric proper-
ties. However, the feature may be employed, providing more
complicated asymmetric substrates and ligands.

' G. Comparison of AH and AG Energy Surfaces. The

Figure 5. Some selected geometry parameters and relative thermodynamic c5|culations given in Table 1 showed th&E reproducesAH
stability of E/E (top), Z/E (middle), andz/z (bottom) coupling transition both in reaction and in activation energies within 2 kcal/mol

states.
differences. Concerning the Gibbs free energy surfadg

I1-13 = 4.045 12-16 = 4.045
11-15 = 5.550 12-14 = 5.550
11-16 = 6.549 12-13 = 6.549
11-14=7.103 12-15=7.103

Backward IRC calculations lead to nonsuperimposablesbis-
vinyl initial complexes related to each other as mirror images. (78) valid in the case of symmetric ligand environmes for s-trans ancCs

Of course, as enantiomeric structures, both transition states and ~ for s-cis); for nonsymmetriceC, coupling (for example, witiZ/E type of
Lo initial complexes) both s-trans and s-cis pathways will have enantiomeric

both initial complexes have exactly the same energy and pairs. _ _ _ o

geometry parameters and are indistinguishable by any other(79) See Figure S3 in Supporting Information for enantiomeric structures

. ; . corresponding to reductive elimination from typical square planar and

scalar properties. Forward IRC calculations in both cases result  octahedral complexes.

in the same final product. In contrast to the s-trans pathway, Eg% B T pr B L B Teecai00 33, 336 (b) Hayashi, T

reductive elimination through the s-cis pathway does not exhibit Acc. Chem. Ref00Q 33, 354.
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s-trans-E-/E- Coupling s-cis-E-/E- Coupling

5
5
e

-5

plan

1.7

mirror
plane

0.0

Cs

C2 C2 W

Structural unit responsible for chirality: %
i
o~ A

L4 ’

M M
A

Figure 6. Reductive elimination through the s-trans and s-cis pathways (energy in kcal/mol).

values faithfully agree witiAEf and AH* within the same small ~ AH¥ = 34.2 kcal/mol (GVB)@ as compared to [RhCH=

range of~2 kcal/mol. The same is applicable fAG as well, CHy)2(PHs).Cl], AE¥ = 17.8 kcal/mol, and [P{(CH=CH,),-
except for the stage involving dissociation. For the latter case, (PHg),Cl,], AH* = 17.5 kcal/mol, given in the present work.
the processes become more exothermicb$3 kcal/mol. This In addition, vinykvinyl coupling is generally much more

is an expected difference, due to entropy contribution. To exothermic than methylmethyl coupling2°23236The differ-
summarize AE values were found reliable in all cases and can ences may come from the relative stability in the products;
be used to construct potential energy surfaces without further p(c—C) in buta-1,3-diene, 115.8 kcal/m®ljis considerably
increasing of computational cost. The entropy contribution |arger than in ethane, 90.0 kcal/nf8thus making viny-vinyl

favors 1,3-diene dissociation by10 kcal/mol. coupling energetically favored compared to methylethyl
H. Comparison the Vinyl—Vinyl (C sp~Csp2) and Alkyl — reductive elimination. These theoretical results fairly well agree
Alkyl (C sp3—Cspg) Reductive Elimination. Comparing Gpz— with experimental findings, which point out that practical

Csp2 reductive elimination with the similar process involving
alkyl groups (Gpz—Cspd, one may clearly note the same
qualitative trends. Experimental studies have shown that di-
methyl complexes of palladium(ll) eliminate ethane much easier
than their platinum(ll) analoguéd28and reactivity of platinum- )
(IV) methyl complexes is higher than platinum(.These Recently, we showed that sol_vent effec_t may play_acrumal role
results are in line with our findings (Table 1). in tht_e_ mechanism of chemical regcnons involving che}rged
However, the absolute values of activation energies computed!T@nsition metal complexéTo take into account the possible
for vinyl—vinyl coupling are significantly lower than that for ~ Solvent effect of polar media for the present reaction, we
methyl-methyl coupling. ParticularlyAE* = 49.8 kcal/mol performed PCM calculations modeling the water environment
(MP4/IMP2 level322 AE* = 60.8 kcal/mol (MP4/HF$2>cand for all the C-C coupling reactions (Table 1). Comparings
AH* = 41.1 kcal/mol (GVBj% were reported for ethane energy surfaces in gas phase and in water, the following trends
reductive elimination from [P{CHs)2(PHs)2]. The values are may be outlined: (i) Solvation does not affect in a substantial
much higher that\E¥ = 19.3 kcal/mol AH* = 18.2 kcal/mol) manner the processes involving neutral complexes withd?H
calculated in the present work for vinyVinyl coupling from NHs; ligands 4, 5, 9, 10, 13, 17—-22), the average energy
[Pt'(CH=CH,)2(PHs);]. Ethane elimination from [P{CHjz),- changes are-2—3 kcal/mol, and (i) a polar surrounding greatly
(PHs)2] was found to proceed withH* = 10 kcal/mol (GVB§°2 facilitates reductive elimination from the dianionic derivatives
and AEF = 26.3 kcal/mol (MP4//HF§2¢ while our value for (1-3,6-8, 11, 12, 14—16) by reducing, on average, activation
[Pt'(CH=CH,)2(PHs),] is again lowerAE* = 6.8 kcal/mol
(AH* = 5.9 kcal/mol). Similar relationships are found for the (82) CRC Handbook of Chemistry and Physics 199800,80th ed.: Lide, D.
ethane reductive elimination from [RICHSs)2(PHs)Cp], R., Ed.; CRC Press: Boca Raton, 1999; pp 9-8856.

(83) Knochel, P. IrMetal-Catalyzed Cross-Coupling Reactipfsederich, F.,
AEF = 65.6 kcal/mol (MP2//HF§8 and [Pt (CHz),(PHs)2Cls], Stang, P. J., Eds.; Wiley-VCH: Weinheim, Germany, 1998; pp-38I0.

implementation of Gz—Cspzcoupling is rather problematic due
to slow reductive eliminatio® in contrast to the processes
involving vinyl groups.

I. Solvent Effect on the Vinyl—Vinyl Coupling Reaction.
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energies by 8 kcal/mol and increasing reaction exothermicity  (iv) The solvent effect study has shown that halogen

by 10 kcal/mol; also, significant stabilization-80 kcal/mol) complexes may undergo a reductive elimination reaction much
occurs for zerovalent palladium and platinum derivatives easier in a polar medium. An advantage of derivatives with
[MX ;]%~ (6—8, 14—16). phosphine ligands is that they can be used in both polar and

These trends can be rationalized that, in the dianionic systemsnonpolar solvents.
studied, electrostatic interactions make a dominant contribution  To the best of our knowledge, this work is the first
into the PCM solvation energy (usually 90%). In these  comprehensive computational study of the viryinyl coupling
complexes, the charge is mainly located on the halogen atoms,reaction. However, this work left unanswered the questions
and therefore, removing the shieldingvinyl groups upon  related to the role of the steric and electronic effects of the
reductive elimination increases the solvent-accessible area tosypstituents on phosphorus ligands (PRitc.) and the mech-
the negative charge, thus favoring solvation. This effect is anism of reductive elimination from complexes with coordina-
expected to be maximized in the product. tion vacancies. These questions are a subject of ongoing work

Conclusions and will be reported elsewhere.

From the above presented studies one can draw the following  Acknowledgment. V.P.A. acknowledges the Visiting Fel-

conclusions lowship from the Emerson Center. The present research is in
(i) If the same ligand environment is used, the electronic part supported by a grant (CHE627775) from the National

factors suggest the following relative activity in the viarylinyl Science Foundation. Acknowledgment is made to the Cherry

reductive elimination reaction: B > P#/V, RY' > Od', L. Emerson Center of Emory University for the use of its

Rh" > Ir'" In all the cases studied here, the lighter metal in resources, which is in part supported by a National Science
each subgroup was found to be more active. Among all studied Foundation grant (CHB079627) and an IBM Shared Univer-
complexes, the Pd complexes are suggested to be the most activsity Research Award.

for the vinyl—vinyl coupling reaction.

(i) Rather complicated ligand dependence of the reaction Note Added after ASAP: There was an error in Table 1 in
energetics can be expected due to competition between thehe version posted ASAP February 26, 2002; the corrected
electronic and steric effects. For the set of ligands studied here,version was posted March 13, 2002.
the electronic and steric factors favoring the reductive elimina-
tion reaction decrease in the order,HNH;3 > halogens and
I > Br > Cl > NHs3,PH;, respectively, and results in the
following activity order in C-C bond formation process,
PHs; > | > Br,NH3 > Cl.

(iii) Besides the energetic and structural properties, two other
unique features of the vinylvinyl coupling process are
reported: (a) steric effect induced by substituents in vinyl
groups, which would allow easy stereoselectivity control, and
(b) asymmetric nature of vinylvinyl coupling, which, in turn,
can also be controlled by adjusting structural parameters. JA017476I

Supporting Information Available: Figure S1: the normal-
mode vector corresponding to changing buta-1,3-diene coordi-
nation fromsn?-C—C to5?-C=C type. Figure S2: the definition
of the dihedral angle between-K and C-C planes for square
planar M' and octahedral M complexes. Figure S3: enantio-
meric structures of initial big~vinyl complexes and reductive
elimination transition states for a typical square planar and
octahedral geometry (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.
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